Benzene was assessed as the predominant aromatic compound emitted from glowing charcoal and firewood ember. Concentrations above charcoal for grilling exceed~d 10 mg m-3 at a 5% carbon dioxide level. A charcoal with a high carbon content released less benzene.
Introduction
Charcoal is extensively used for the grilling of food, causing widespread human exposure to emitted compounds. Firewood embers are similar to glowing charcoal. Flaming wood burning is followed by glowing combustion for a similar period of time. Emissions' from charcoal combustion are therefore also of great interest with respect to wood burning.
Earlier studies of charcoal emissions have focused on polycyclic aromatic compounds, although P AH emissions from charcoal are much smaller than from other biomass fuels (Larsson et aI., 1983; Dyremark et aI., 199~) . On the other hand, the PAH content is higher in grilled food than in food heated by non-burning methods (Kazerouni et aI., 2001; Chen and Liu, 1997) .. Emissions of toxic dioxins (pCDFIPCDD) are very small from charcoal (Schatowitz et aI., 1994) .
In a recent study, glowing embers from softwood fuel pellets were shown to emit benzene as the major aromatic compound (Olsson et aI., 2002) . This study of charcoal was therefore initiated to elucidate emissions of benzene relative to other released gases. Benzene requires dedicated analytical methods and has not been included in earlier studies of emissions from charcoal. The charcoal samples were heated with a butane burner until the surfaces were glowing.
Experimental

Charcoal andwoodfuels
After flaming burning on a steel net, the remainders of pellets and wood pieces were heated further and left in a uniform glowing state. Before sampling, a pot (3 1) was placed upside down over the glowing materials to increase the concentrations of emitted compounds. Three parallel samples were taken after 10 s through the bottom hole of the pot, using an adsorbent cartridge and two gas-tight syringes.
Analyses of adsorbent samples by GC-MS
Samples: Approximately 1 ml withdrawn during 20 s using an air sampling pump Adsorbent cartridge: Injector glass liner filled with 0.1 g of Tenax TA, 60-80 mesh Gas chromatograph: Varian 3800 with He as carrier gas, 1 ml min- 
Results and discussion
Benzene and minor aromatic compounds from charcoal
The chromatogram in Fig. 1 illustrates the strong predominance of benzene compared with other aromatic compounds emitted from glowing charcoal. Although the benzene peak goes off scale twice, only minor other peaks appear in the total ion ·current chromatogram.
Nevertheless, all the depicted compounds could be reliably assessed by selective ion monitoring of their predominant molecular ions. The late-eluting minor phenanthrene was also assessed using its molecular ion (m/z 178). The aromatic compounds elute in order of increasing molecular weight, except for benzonitrile (m/z 103) with increased retention due to its polarity.
In Table 1, in accordance with previous stuqies (Olsson et al., 2002) . The results reflect the sum of gaseous and particulate contributions (KjaIlstrand and Petersson, 2001 ).
The quantitative proportions are similar for the three different brands of charcoal. The high carbon content of the Swedish charcoal may explain the observed low proportions of methylbenzene and benzonitrile. The density was lowest for the Swedish charcoal and highest for the compressed charcoal briquettes which may cause other observed differences. The structural and heat transport properties of charcoal produced from solid firewood have been described (Larfeldt et al., 2000) . Softwood pellets are made from compressed sawdust and are increasingly used for residential heating (Olsson et aI., 2002) . The results for pellets embers are similar to those for charcoal. Evidently, flaming burning efficiently converts the porous pellets to remainders with charcoal characteristics.
Combustion characteristics
The spectacular generation of the carcinogenic benzene from charcoal called for a comparison with the formation of commonly assessed combustion products. In Table 2 , recorded proportions are given for C02, CO, CRt, ethene, propene, ethyne and benzene.
Carbon dioxide and carbon monoxide were determined from the same gas syringe sample by gas chromatography with thermal conductivity detection. The five hydrocarbons were assessed from another gas syringe sample by gas chromatography on an aluminium oxide column with flame ionisation detection (Barrefors and Petersson, 1995) . The concentrations of the hydrocarbons are reported as ppmC (ppm x number of carbon atoms in the compound). The proportions given in Table 2 The results for glowing remainders of solid firewood were quite different, although the final phase of flaming burning was assisted by a butane torch to avoid unburnt wood. The proportions of ethene and propene relative to benzene were much higher. The proportion of / methylbenzene relative to benzene was also much higher than for charcoal. The proportions of benzene and ethyne were similar to those for charcoal, but it should be noted that benzene and ethyne are thermally unusually stable unsaturated hydrocarbons. Their relative proportions of total unsaturated volatile hydrocarbons from wood fuels increase with the combustion temperature (Barrefors and Petersson, 1995) .
Human exposure
The results demonstrate that as much as 0.1 % of the carbon released from charcoal can be emitted as benzene. This causes concentrations of benzene exceeding 10 mg m-3 above the bed of charcoal at a 5% carbon dioxide and 1 % carbon monoxide level. An efficient way to decrease personal exposure shoulg. be to avoid inhaling grill gases near to the charcoal bed.
Indoor grilling with charcoal requires efficient ventilation. The results also indicate that choosing a charcoal with high carbon content efficiently decreases benzene emissions.
The benzene emissions from firewood embers were found to be as high as from commercial charcoal. Genotoxic health hazards from ethene and propene (Tomqvist and Ehrenberg, 1994) are more severe for glowing firewood because of the higher emissions.
Glowing birchwood has previously been shown to emit a wide range of hazardous C 4 -Cs unsaturated hydrocarbons, including the carcinogenic 1,3-butadiene (Barrefors and Petersson, 1995) . These hydrocarbons were almost absent in charcoal emissions. The results therefore indicate more severe health hazards from glowing birchwood.
Benzene exposure from grilling over charcoal and from wood burning adds to exposure from other sources. Private cars and tobacco smoke are major outdoor and indoor sources of benzene exposure (Barrefors and Petersson, 1993) . The abundance of these sources makes it difficult to identify contributions from grilling to ambient concentrations of volatile hydrocarbons even in grill restaurants (Mugica et aI., 2001) . Nevertheless, specific benzene exposure near to charcoal grills is concluded to be significant. Uptake of benzene in fatty foods grilled over charcoal may cause additional exposure with food intake. Naphthalene has been assessed in charcoal-grilled duck (Chen and Liu, 1997) .
Several other chemical health hazards due to emissions from charcoal have been discussed. The results in Table 2 illustrate the well known very high proportions of carbon monoxide from charcoal burning. Occupational hazards due to exposure to carbon monoxide have been demonstrated for grill workers (Madani et aI., 1992) , suggesting proportionately "" elevated benzene exposure. The proportions 'of specific carcinogenic polycyclic aromatic hydrocarbons emitted from grill charcoal have been related to phenanthrene as the major P AH (Dyremark et aI., 1995) . The PAH emissions are comparatively small. Much higher concentration ratios between phenanthrene and benzene have been observed in smoke from" residential wood burning (Kjallstrand and Petersson, 2001) .
It is concluded that benzene is a major health hazard from charcoal during grilling and from firewood embers, although several additional chemical hazards must be considered.
